Glutamine-rich sequences exist in a wide range of proteins across multiple species. A subset of glutamine-rich sequences has been shown to form amyloid fibers implicated in human diseases. The physiological functions of these sequence motifs are not well understood, partly because of the lack of structural information. Here we have determined a high-resolution structure of a glutamine-rich domain from human histone deacetylase 4 (HDAC4) by x-ray crystallography. The glutamine-rich domain of HDAC4 (19 glutamines of 68 residues) folds into a straight ␣-helix that assembles as a tetramer. In contrast to most coiled coil proteins, the HDAC4 tetramer lacks regularly arranged apolar residues and an extended hydrophobic core. Instead, the protein interfaces consist of multiple hydrophobic patches interspersed with polar interaction networks, wherein clusters of glutamines engage in extensive intra-and interhelical interactions. In solution, the HDAC4 tetramer undergoes rapid equilibrium with monomer and intermediate species. Structure-guided mutations that expand or disrupt hydrophobic patches drive the equilibrium toward the tetramer or monomer, respectively. We propose that a general role of glutamine-rich motifs be to mediate protein-protein interactions characteristic of a large component of polar interaction networks that may facilitate reversible assembly and disassembly of protein complexes.
H
istone deacetylases (HDACs) regulate diverse cellular processes through enzymatic deacetylation of both histone and nonhistone proteins (1, 2) . Two major classes of this family, class I and class II, share a highly conserved catalytic domain that is targeted by a number of antitumor drugs (3) . Class II HDACs, which include HDAC4, HDAC5, and HDAC9, contain an additional N-terminal extension that confers responsiveness to calcium signals and mediates interactions with transcription factors and cofactors (4) (5) (6) (7) . A prominent feature of this Nterminal region is a highly conserved glutamine-rich domain that can repress transcription independently of the C-terminal catalytic domain (8) (9) (10) .
Glutamine-rich sequences have been found in a variety of eukaryotic proteins, including transcription activators and repressors (11, 12) . Bioinformatics analysis suggests that glutamine-rich sequences appear to undergo positive selection, suggesting that these low-complexity sequences are conserved for functional reasons (13) . Although the physiological functions of most glutamine rich sequences are not well understood, it has been widely observed that high content of glutamines and/or asparagines may lead to increased propensity of amyloid formation implicated in human neurodegenerative diseases and prionlike, non-Mendelian inheritance in yeast (14) (15) (16) .
The intriguing physiological roles of glutamine-rich sequences have attracted much attention to these unusual protein motifs. Max Perutz (15) and others have studied this problem extensively by using x-ray fiber diffraction and modeling. It has been hypothesized that both the physiological and pathological roles of glutamine-rich sequences are related to the unique properties of glutamines and asparagines to engage in polar protein-protein interactions, termed polar zippers (17) . Recent structural studies of amyloid peptides indeed revealed extensive interaction networks formed by the amide side chains of glutamines and asparagines (18) . However, how glutamine-rich sequences mediate protein-protein interactions in most physiological protein complexes is not well understood.
Apart from the structural studies of amyloid peptides mentioned above, there is no high-resolution structural information about any glutamine rich domain, which is largely due to the fact that most glutamine-rich domains are either insoluble or unstructured in solution. As part of our effort to characterize the mechanism of transcriptional repression by class II HDACs (19, 20) , we have determined the crystal structure of a highly conserved N-terminal domain of human HDAC4 that contains 19 glutamines of 68 residues. On the basis of the structure, we have also performed site-specific mutagenesis and analyzed the biochemical properties of both the wild-type protein and the mutants. These studies provide new insights into potential functions of glutamine-rich sequences.
Results and Discussion
Overall Structure of a Glutamine-Rich Four-Helix Bundle. The crystal structure of an N-terminal fragment of human HDAC4 (residues 62-153) containing the glutamine-rich domain was determined by the single-wavelength anomalous diffraction method [supporting information (SI) Table 1 ]. The asymmetric unit contains four copies of HDAC4, each of which folds into a single ␣-helix from residues 62-129, whereas residues 130-153 are disordered (Fig. 1 ). This observation is consistent with circular dichroism analysis that indicates mainly an ␣-helical secondary structure of HDAC4 (residues 62-153) in solution (SI Fig. 6 ). The four helices stack together to form a four-helix bundle that is 108 Å long and 20 Å wide. However, the assembly mechanism is distinct from that of many four-helix bundle proteins characterized thus far (21) (22) (23) . The HDAC4 four-helix bundle has three perpendicular twofold axes intercepting at the center of the complex. Each helix contacts the other three helices differently (Fig. 2a) . Helix A interacts extensively with helix C in an antiparallel orientation, burying Ϸ2,528 Å 2 of solvent accessible surface area at the interface. Helix A and helix B contact each other at their C-terminal region and bury Ϸ1,122 Å 2 at the interface, whereas helix A and helix D interact mostly in their middle region and bury Ϸ1,371 Å 2 of surface area. Because of the D2 point group symmetry, the interactions of each helix with its neighboring three helices are the same for all four helices. The total buried surface area for the four-helix bundle is Ϸ9,500 Å 2 . On the basis of the size of contacting surface, the hierarchy of the HDAC4 four-helix assembly can be considered as two antiparallel helices, A and C (A/C), and B and D (B/D), stacked onto each other at a crossing angle of 23° (Fig. 1a) . The residues mediating the interactions between each helix and its surrounding three helices are highly conserved (Fig. 2b) , suggesting that the glutamine-rich domain of other members of the class II HDAC family may fold into a similar structure as observed here.
Detailed Protein-Protein Interactions. The detailed interactions in the HDAC4 four-helix bundle show many unique features as compared with typical coiled coil proteins (24, 25) . Secondary structure prediction suggests that the glutamine-rich region of HDAC4, HDAC5, and HDAC9 forms predominantly ␣-helices, but there is no discernible pattern of regularly arranged apolar residues in the primary sequences (Fig. 2b) . Nevertheless, the ''knob-into-hole'' type of interactions still account for a major component of the HDAC4 four-helix bundle interface (26) (Fig.  2a) . As shown in Fig. 3a , Leu-71 and Leu-78 of helix A and His-111 and Met-118 of helix C act as knobs (position d in the heptad repeat convention) to insert into holes formed by residues in the opposing helix. For example, His-111 of helix C inserts into the hole of Leu-71, Glu-74, Leu-75, and Leu-78 from helix A, whereas Leu-71 of helix A inserts into the hole of His-111, Gln-114, Gln-115, and Met-118 of helix C. To maintain such an interlocked interaction, the two helices would have to coil around each other to keep the knobs and holes in register. However, the HDAC4 helix is approximately straight throughout its entire length. Detailed analysis of the crystal structure reveals that the knob-into-hole mode of interaction breaks down at Leu-78 of helix A and the corresponding layer (Gln-107 and Leu-108) of helix C (Figs. 2a and 3b) . Here, His-104 of helix C at an expected d position would normally fill in the hole formed by Leu-78, Lys-81, Gln-82, and Gln-85 of helix A, but this does not occur because of the straight ␣-helical conformation. Instead, a polar interaction network involving several glutamine residues forms at this junction (Figs. 2a and 3b). Gln-107 of helix C and Gln-82 of helix A form a hydrogen bond with each other, whereas His-104 of helix C forms a hydrogen bond with Arg-86. A similar polar layer made of a Gln-Asn-Gln-Asn tetrad was also observed interrupting the typical coiled coil interactions in the Max homodimer (27, 28) . On the other side of the polar junction, a number of apolar residues from helix A and C form a hydrophobic interface (Fig. 3c) . Because of the twofold symmetry between Phe-93 of both helix A and helix C, the interactions between the C-terminal half of A and the Nterminal of C is the same as described above. Similarly, the interaction between helix B and helix D is the same as that described above for helix A and helix C (Fig. 2a) .
The HDAC4 four-helix bundle has a relatively small hydrophobic core at the center of the complex, consisting of three nonpolar residues (Leu-89, Ile-90, and Phe-93) from each helix ( Fig. 3c and SI Fig. 7a ). Interestingly, Phe-93 and His-97 of each helix form a double helical network of aromatic residues that may contribute to the stability of the complex (SI Fig. 7b ). The C-terminal region of helix A and helix B interact with each other in a parallel fashion (SI Fig. 8 ), but the interactions appear to be much looser than those seen in typical coiled coil proteins. Symmetry-related interactions are found in the same region of helix C and helix D. Helix A also interacts with helix D in the HDAC4 four-helix bundle. Most notably, Lys-79, Gln-83, and Arg-86 of helix A interact with Glu-105, Arg-102, and Glu-98 of helix D, respectively (Fig. 3d) . Because of the D2 point group symmetry, the same interactions also occur at the A/D interface on the other side of the center of symmetry and at the interface between helix B and helix C. Together, these residues form a polar interaction network around the central hydrophobic core.
Hydrated Cavities at Protein-Protein Interfaces. Two large cavities are enclosed at the interface of the HDAC4 four-helix bundle (Fig. 3d , one of the two symmetry-related ones is shown). Here, residues with long side chains, such as Lys-79, Gln-83, and Arg-86 from one helix, and Glu-105, Arg-102, and Glu-98 from another, swing out to interact with each other through hydrogen bonds and electrostatic interactions (Fig. 3d) . His-104 also swings away to participate in the interhelical interaction as described above (Fig. 3c) , whereas the side chain of Ser-101 (data not shown) is too short to fill the cavity. As a result, two hydration pockets are formed at the interface of the HDAC4 complex where the electron densities for solvent molecules are observed (SI Fig. 9 ). These hydration pockets separate the central hydrophobic core from the C-terminal apolar interaction interface between helix A/B (SI Fig. 8 ) and C/D (data not shown). Thus, despite the large, buried, solvent-accessible surface area, the HDAC4 four-helix bundle lacks an extended hydrophobic interface. Multiple hydrophobic patches are separated by polar interaction networks and buried hydration pockets. The interaction interfaces are less densely packed as compared with most stable coiled coil proteins. These structural features are similar to those observed at the interface of weak and transient protein-protein complexes (29, 30) .
Reversible Assembly of the Glutamine-Rich Four-Helix Bundle. We were initially drawn to the glutamine-rich domain of HDAC4 by a model wherein class II HDACs repress transcription through a higher-order protein-DNA complex. This hypothesis is based on the observation that full-length class II HDACs form homo- and heterocomplexes in cellular extracts (31) . Biochemical studies of glutamine-rich domains from other transcription factors such as Groucho and GAGA also suggest the tendency for these domains to form tetramer or higher-order assembly (11, 12) . Using chemical cross-linking, we observed higher molecular weight species corresponding to the dimer, trimer, and tetramer of HDAC4 (residues 62-153) (SI Fig. 10 ). Similar results were also found with HDAC5 and HDAC9 (data not shown). These observations suggest that the isolated glutamine-rich domain of class II HDACs can form higher-order oligomers in solution. However, our structural analysis suggests that the glutamine-rich domain may not form a stable complex in solution (see above). To further address this question, we analyzed the oligomerization of HDAC4 (residues 62-153) in solution by using multiangle light scattering (MALS). As shown in Fig. 4 (green trace), HDAC4 (residues 62-153) indeed behaves as a polydispersive species that may contain the tetramer, monomer, and intermediate species. The exchange between different species appears too fast to be resolved by the size-exclusion column linked to MALS, suggesting a rapid equilibrium between the tetramer and subtetramer species. Although this behavior complicates the determination of the binding constant of the HDAC4 tetramer, we were able to use structure-guided mutations to show that the interactions observed in the crystal structure are likely responsible for the assembly of the HDAC4 tetramer in solution. A single mutation of Phe93Asp, which is predicted to disrupt the central hydrophobic core, prevents the oligomerization of HDAC4 (residues 62-153) as analyzed by MALS (Fig. 4 , magenta trace). The Phe93Asp mutation does not seem to affect the folding of HDAC4 (residues 62-153) because the mutant still retains the ␣-helix structure, as seen in circular dichroism spectroscopy (data not shown). As described above, His-97 and Phe-93 of each helix form an aromatic cluster at the center of the complex (SI Fig. 7 ). Another mutation, His97Phe, is designed to extend the central hydrophobic core and further stabilize the complex. Indeed, the His97Phe mutant exists as a stable tetramer as analyzed by MALS (Fig. 4, blue trace) . We have determined the crystal structure of the His97Phe mutant (SI Table 2 ). The larger aromatic ring of phenylalanine is readily accommodated by the loose packing interface. There is little structural change in the four-helix bundle between the wild type and the His97Phe mutant. Previous studies have shown that the N-terminal domain of HDAC4 containing the glutamine-rich sequence can repress MEF2-dependent transcription independently of the C-terminal catalytic domain (8) (9) (10) . Whereas the His97Phe mutant similarly repressed MEF2-dependent transcription, the Phe93Asp mutant showed decreased ability to repress MEF2-dependent transcription (L.G. and L.C., unpublished results). These studies suggest functional relevance of the interactions observed in the crystal structure. However, whether HDAC4 or other members of the class II HDAC family repress transcription through a higher-order tetramer complex remains to be further investigated.
Diverse Roles of Glutamine Residues. We observed several features of glutamine residues in the current structure that may have general implications for understanding the function of other glutamine-rich domains (13) . The HDAC4 four-helix bundle contains a total of 76 glutamines of 272 aa residues, a remarkably high percentage (28%) for any given residue in a protein. The distribution of the glutamine residues in the primary sequence appears to be random (Fig. 2) . But in the structure, most of these glutamine residues are located on the surface of the complex (Fig. 5 a and b) , except for those forming polar interaction networks that divide the HDAC4 interface into patches (Fig. 5a) . Nevertheless, these glutamine residues appear to contribute to the stability of the HDAC4 tetramer through a number of mechanisms. First, glutamine residues mediate a large number of intrahelical interactions that may stabilize the ␣-helix conformation of HDAC4. For example, at the N-terminal region of helix A (Fig. 5c) , Gln-70 accepts a hydrogen bond from Arg-67 while donating one to Glu-74. Gln-69 and Gln-73 and Glu-68 and Gln-72 also form hydrogen-bonding pairs. There are a total of 28 intrahelical hydrogen bonds mediated by glutamine residues in the fourhelix bundle. Second, the glutamine residues also participate in interhelical hydrogen bonding interactions. For example, Gln-82 of helix A forms a hydrogen bond with Gln-107 of helix C (Fig. 3b) , Gln-83 of helix A forms a hydrogen bond with Arg-102 of helix D (Figs. 3d) , and Glu-92 forms a hydrogen bond with Gln-96 of helix C (Fig. 3c ). There are a total of 12 interhelical hydrogen bonds mediated by glutamine residues in the HDAC4 tetramer. Finally, the long side chain of glutamine residues participates in extensive van der Waals contact at the HDAC4 tetramer interface. For example, at the interface between helix A and helix C, Leu-71 of helix A inserts between Gln-114 and Gln-115 of helix C (Fig. 3a) . At the interface between helix A and helix B, Gln-115 and Leu-119 of helix A make van der Waals contact to Ile-112 and Gln-116 of helix B, respectively (SI Fig. 8 ). These structural observations suggest that the diverse roles of glutamine in protein-protein interaction may be attributed to its two unique properties. First, glutamine can form hydrogen bonds through the amide group with a variety of amino acids, including both the positively and negatively charged residues. Second, glutamine can make van der Waals contact through the long aliphatic side chain. However, a tradeoff for the diversity appears to be the stability. The lack of extensive hydrophobic and/or electrostatic interactions in the HDAC4 tetramer may explain partly its modest stability (32) . Thus, a likely general role of glutamine-rich domains in eukaryotic proteins may be to mediate diverse and reversible protein-protein interactions involved in the assembly and disassembly of protein complexes in cells. In the case of class II HDACs, the full-length protein may be regulated by signals that either stimulate or repress the formation of the tetramer as part of a mechanism of transcriptional regulation.
Implications for pH Sensitivity and Amyloid Formation. A notable feature of the HDAC4 four-helix bundle is the large number of histidine residues at the protein-protein interface (Fig. 5d) . A single His-His packing interaction was previously observed in the Max homodimer (27) . But in the present structure, a total of 20 histidine residues are buried in the HDAC4 four-helix bundle, suggesting that the assembly of the HDAC4 tetramer may be sensitive to pH changes (33) . Indeed, we have observed that the HDAC4 tetramer dissociates into monomer and lower order oligomers when the pH is shifted below the pK a (pH 6.5) of histidine (data not shown). This observation raises an intriguing possibility that HDAC4 mediated transcriptional repression may be coupled with pH changes inside cells. Moreover, it has been observed that acidic pH and metal ions such as zinc can promote the formation of certain amyloid fibers (34) . Thus, an interesting question to be addressed in the future is whether low pH-induced destabilization of the HDAC4 tetramer may lead to amyloid formation by the glutamine-rich domain.
In summary, we have determined a high-resolution structure of the glutamine-rich domain from human HDAC4. The structure shows that the glutamine-rich ␣-helix adopts a straight conformation and packs in a unique manner as a tetramer. Glutamine residues play diverse roles in stabilizing the ␣-helix as well as mediating interhelical interactions. The glutamine-rich, four-helix bundle has limited hydrophobic cores separated by polar interaction networks and hydration pockets. Consistent with these structural features, our biochemical analyses reveal that the HDAC4 tetramer undergoes rapid equilibrium with monomer and intermediate species in solution. On the basis of these observations, we suggest that a general role of glutaminerich motifs may be to mediate reversible protein-protein interactions in transient protein complexes. Because of their unstable nature, glutamine-rich motifs may also be triggered to form amyloid fibers under certain conditions.
Methods
Sample Preparation and Crystallization. The glutamine-rich domain of human HDAC4 (residues 62-153) was cloned in pET-28a vector and overexpressed in Escherichia coli BL21 (DE3)pLysS (Stratagene, La Jolla, CA). The His-tagged protein was purified by nickel-nitrilotriacetic acid-agarose affinity resin, anion exchange column, and gel filtration. For crystallization, Ϸ1 l of protein at 20 mg/ml in storage buffer [10 mM Hepes (pH 7.6)/150 mM NaCl/2 mM DTT] was mixed with Ϸ1 l of reservoir solution [55 mM Hepes (pH 7.5)/0.825M Li 2 SO 4 ] as a hanging drop. Large diamond-shaped crystals grew at room temperature to full size in Ϸ1 week (Ϸ2 ϫ 0.5 ϫ 0.5 mm 3 ). Crystals belong to the space group C2 with cell dimensions a ϭ 187.398 Å, b ϭ 60.451 Å, c ϭ 60.450 Å, and ␤ ϭ 108.74°. Selenomethionine labeled HDAC4 (residues 63-153) was prepared as described in ref. 24 . The selenomethionine protein was purified and crystallized similarly to the native protein.
Data Collection, Structure Determination, and Analysis. The HDAC4 (residues 62-153) crystals (native and selenomethionine) were stabilized in the harvest/cryoprotectant buffer [50 mM Hepes (pH 7.5)/1.5 M Li 2 SO 4 /10% PEG 400] and flash frozen with liquid nitrogen for cryocrystallography. The native data and the single-wavelength anomalous diffraction data were collected at the Advanced Light Source BL8.2.2 beam line at the Lawrence Berkeley National Laboratory. Data were reduced by using HKL2000 (35) . The initial positions of selenomethiones were found by SOLVE (36) . Phase calculation, density modification, and model refinement were done with CNS (37) . The statistics of crystallographic analysis are presented in SI Table 1 . Figures of structure illustration were prepared by using Ribbons (38) . Model building was carried out in O (39). The sequence alignment was performed by ClustalW (40) . The data were severely anisotropic. On most diffraction images, large streaks of Xshaped diffusive scattering superimpose onto the diffraction pattern in the low-and medium-resolution range (SI Fig. 11 ). These inherent limitations of crystals are reflected by the high B factors and the relatively poor R factors of the final model (SI Table 1 ). Refinement strategies were explained in the legend of SI Fig. 11 . The His97Phe mutant was crystallized similarly to the wild-type protein (space group C2; cell dimensions, a ϭ 189.885 Å, b ϭ 61.023 Å, c ϭ 60.777 Å, and ␤ ϭ 108.610°). The mutant structure was determined by the molecular replacement method (SI Table 2 ).
Mutagenesis and MALS Analysis. Site-specific mutations (Phe93Asp and His97Phe) in HDAC4 (residues 62-153) were made with QuikChange (Stratagene). The mutants were expressed and purified similarly to the wild-type protein. The mutants and the wild-type HDAC4 were also analyzed by MALS. For each protein sample, 40 l of 5-10 mg/ml sample was used for each run. Multiangle laser light scattering data were collected on a DANM DSP laser photometer emitting light at 690 nm and detecting at 18 fixed angle positions (Wyatt Technologies, Santa Barbara, CA). Molecular mass calculations were performed on the ASTRA 4.90.08 software supplied with the instrument. Samples were run over a preequilibrated Shodex KW-803 size exclusion chromatography column at 25°C before collection of light-scattering data. The running buffer condition was 50 mM Hepes (pH 7.0) and 200 mM Na 2 SO 4 .
